ABSTRACT
For many years organismal aging and cancer were viewed as separate entities. Recent studies however have suggested that these two seemingly disparate biological processes may in fact share common biochemical pathways. One area of emerging convergence involves the intersection of pathways known to mediate DNA repair with pathways previously implicated in insulin signaling. Recent evidence suggests that the sirtuin family of proteins act as central mediators of this molecular crosstalk. The coordination of DNA repair with overall energy balance may be essential for reducing the risk of developing cancer as well as for determining the rate at which we age. This review will summarize our current knowledge on how the maintenance of genomic integrity and insulin signaling intersect, the potential regulation of sirtuins in this crosstalk, and how this coordinated regulation may have important implication for both tumor-free and overall survival.
INTRODUCTION
In recent years, definitive experimental evidence from a variety of organisms has taught us that the natural process of aging, or increased mortality with time, has its roots in specific molecular pathways. In particular, DNA damage repair and the insulin/Igf1-like signaling (IIS) pathway represent two evolutionary conserved pathways influencing lifespan across species. Interestingly, it is becoming clearer that those same pathways seem to play critical roles in the development of cancer. Indeed, aging and cancer seem to be two divergent outcomes following defects in conserved pathways, suggesting an underlying common biology (reviewed in (1)). Whether organisms end up with impaired homeostasis or increased susceptibility to cancer seems to depend on the severity of the malfunction and the integrity of the downstream checkpoints, as discussed in detail below.
A recent development in defining the relationship between aging and cancer is the discovery of the sirtuins, homologs of the yeast Sir2 protein. These proteins regulate lifespan in many species and have been implicated in cancer pathogenesis (2, 3) . Functionally, sirtuins-which encode NAD-dependent deacetylases and ADP-ribosyl transferases-appear to regulate either DNA repair or metabolism through the IIS pathway, while anotherSirt6-appears to integrate both of these processes (2, 4) . Therefore, sirtuins represent a group of proteins at the crossroad between DNA repair and IIS, and thus might influence lifespan and/or cancer development through regulation of those two pathways. This review will summarize the DNA repair and IIS pathways, and how they relate to aging and cancer. It will focus then on the sirtuin proteins, with a particular emphasis on the role of SIRT6 in these pathways.
DNA REPAIR MECHANISMS
The eukaryotic cell is faced with more than 1x10 5 DNA lesions/day that need to be repaired, in order to avoid chromosomal instability, mutations and ultimately, cell death (5) . Therefore, cells have developed five major repair pathways, each one responsible for repairing different types of lesion. Namely, single-strand lesions (SSBs) are repaired through the so-called Excision repair pathways: base excision repair, nucleotide excision repair and mismatch repair, while double strand breaks (DSBs) are repaired through homologous recombination and non-homologous end joining. These pathways have been extensively described elsewhere (6) (7) (8) , thus they will be briefly introduced here, to focus later on their relationship to aging and the development of malignancies.
Double Strand Breaks (DSBs)
DSBs arise from ionizing radiation, chemical mutagens, replication of SSBs and free radical lesions. Following detection of a DSB, a complex cascade of events is triggered, in what is known as the DNA damage response (DDR). This coordinated response includes activation of transcription, cell cycle control, apoptosis, senescence and DNA repair processes (see (9) , for a detailed review). As mentioned above, two mechanisms are responsible for the repair of DSBs: homologous recombination and nonhomologous end joining.
Homologous recombination (HR)
HR represents the preferred repair mechanism when a second copy of the damaged DNA is available as a template, namely during late S-and G2-phases of the cell cycle. In this case, the repair is error-free. The cellular response to a DSB is initiated by the activity of phosphatidylinositol-3-OH-kinase-like kinases (PIKKs), principally ATM (Ataxia-Telangiectasia-Mutated), ATR (ATM and Rad3 related) and DNA-PK (DNA-dependent protein kinase) (reviewed in (10) ). ATM is likely loaded onto DSBs through an interaction with the DSB sensor complex MRN, which consists of MRE11 (Meiotic recombination 11 homologue), RAD50 and NBS1 (Nijmegen breakage syndrome 1). Upon recruitment, ATM is activated, likely through the catalytic activity of the MRN complex, to initiate the DDR (10) (Figure1). Another early event is the phosphorylation of the histone H2A variant H2AX, which is mostly dependent on ATM, and in certain types of damage, on ATR and DNA-PK (11) (Figure 1 ). H2AX phosphorylation seems to be required for the recruitment of repair factors. Following activation, ATM recruits and activates additional MRN complexes, which promote strand invasion of homologous sequences through the 5'-3' exonuclease activity of MRE11 (12) . The repair reaction requires the concerted action of additional proteins, such as Replication Protein A (RPA), the strand-exchange factor RAD51, the DNA-dependent ATPase RAD54, and the BRCA1-BRCA2 proteins ( Figure 1 ). BRCA1 is a multidomain protein that possesses E3 ubiquitin ligase activity. BRCA1 forms a complex with RAD51 and BRCA2, and is present in damage-induced foci together with RAD51 (13) . BRCA1 is also present in a complex with the ubiquitinbinding protein RAP80, an association required for targeting BRCA1 to sites of DNA damage (14-16).
Non-homologous end joining (NHEJ)
During G1 and early S-phase, when a sister chromatid is not available as a template for HR, DSBs are repaired through direct end-ligation, a reaction that usually involves gain or loss of a few nucleotides (17) . NHEJ represents the main repair mechanism for V (D)J and class switch recombination events that occur as part of the immune response in the antigen receptor genes. As in HR, ATM and H2AX are activated during NHEJ, and this is followed by recruitment of the end-binding proteins Ku70/Ku80, together with the catalytic subunit of DNA-PK (DNA-PKcs). Ligation is then performed by the LigaseIV/XRCC4 complex ( Figure 1) . In some cases, additional factors are required, like the endprocessing protein Artemis and the factor Cernunnos, which seems to participate in the ligation step, although its' specific function remains unclear (18) (19) (20) (Figure 1 ). In addition, in cases where NHEJ is not able to participate in the DSB repair reaction, an alternative micro-homology mediated end-joining reaction exists as a salvage pathway, although the factors involved in this particular reaction remain unknown (21, 22) . Figure 1 . DNA repair pathways.The four main repair pathways in eukaryotes are depicted: homologous recombination (HR), non-homologous end joining (NHEJ), base-excision repair (BER) and nucleotide-excision repair (NER). HR: following a doublestrand break (DSB) in G2, ATM phosphorylates the RAD50/MRE11/NBS1 (MRN) complex, which 5'-3' exonuclease activity exposes both 3' ends. The replication-protein A (RPA) protein binds the single-strand exposed DNA to facilitate assembly of the RAD51 nucleoprotein (likely including associated factors XRCC2, XRCC3, RAD51B, C and D. RAD51 exchanges the single strand with the same sequence from the homologous double-stranded DNA molecule. Nuclear translocation of RAD51 depends on BRCA2. Cohesins probably facilitate the identification and synapsis of the sequences. RAD54 is a member of the SWI/SNF family of ATP-dependent remodeling complexes, likely involved in chromatin accessibility. DNA is synthesized using the intact DNA sequence as a template, and the Holliday-junctions are resolved by resolvases. It is unclear what is the ligase involved in the reaction. Additional proteins, like BRCA1, are also involved in the reaction. NHEJ: in G1, when a second copy is not available for repair, cells simply links the ends of a DSB without any template, using the end-binding proteins Ku70-Ku80, which facilitate DNA end-alignment and end-protection together with DNA-PKcs. Ligation occurs through the XRCC4-LigaseIV complex. End-joining is sometimes associated with gain or loss of few nucleotides if processing of the ends occurs, a step that requires Artemis. The role of the recently discovered Cernunnos protein is unclear. BER: repair of single-strand lesions starts with the excision of the damaged base by one of several specific DNA glycosylases, resulting in an abasic site (which can also occurs spontaneously by hydrolysis. The APE1 endonuclease incises the DNA, resulting in a nick. In the short-patch repair pathway DNA pol-β performs a one-nucleotide gap filling reaction and removes the 5'deoxy-ribose via its lyase activity. Sealing of the nick is then performed by the XRCC1-LigaseIII complex. The long-patch repair process involves DNA polδ/ε and proliferating cell nuclear antigen (PCNA) for synthesis (2-10 bases) as well as FEN1 to remove the displaced DNA flap and LigaseI for sealing. NER: in the GG-NER reaction, the XPC-hHR23B complex first screen for disrupted base-pairing. In TC-NER, the stalled RNA polymerase is recognized and displaced by the CSA and CSB proteins. The subsequent steps of GG-NER and TC-NER are identical. The XPB/XPD helicases -subunits of the TFIIH transcription factor--opens ~30 base pairs of DNA surrounding the damage, while XPA screens for abnormal structures. RPA then stabilizes the "bubble" intermediate. The XPG and ERCC1/XPF endonucleases subsequently cleave the 3' and 5' ends in the damaged strand, respectively. This generates a 24-32 gap that is filled by the DNA replication machinery.
Single Strand lesions 2.1.2.1. Base Excision Repair (BER)
BER is responsible for the repair of small chemical alterations. Even though these lesions may not impede transcription, they frequently miscode, therefore this pathway is particularly relevant for preventing mutagenesis. BER is the main sentinel against damage due to cellular metabolism, including those resulting from reactive oxygen species, methylation and alkylation, and thus it is particularly important with regard to aging, as discussed below. In its core reaction (named short-patch repair), a set of DNA glycosylases, each recognizing a specific lesion, cleaves the damaged base, generating an abasic site, which is processed by the APE1 endonuclease to generate a nick. DNA polymerase β (polβ) then performs a one-nucleotide gap-filling reaction and removes the 5' baseless sugar residue via its lyase activity. The XRCC1-Ligase3 complex finishes the reaction (Figure 1 ). Additional factors, such as the poly (ADP-ribose) polymerases PARP-1 and PARP-2 have been proposed to participate in the reaction, although their specific roles remain unclear. In the alternative pathway (long-patch repair), 2-10 nucleotides are removed and synthetized de novo, in a reaction that involves additional proteins, such as Polδ/ε, the co-factor PCNA, the FEN1 endonuclease and Ligase1 ( Figure 1 ).
Nucleotide Excision Repair (NER)
This pathway deals with a wide class of helix distorting lesions that interfere with base pairing and obstruct transcription and replication. Most NE lesions arise from exogenous sources, such as UV light. This pathway is the most versatile in terms of lesion recognition. It can be subdivided into global genome NER (GG-NER) which surveys the entire genome for lesions, and transcription-coupled repair (TCR) that focuses on damage that blocks transcription by the RNA polymerases ( Figure  1 ). The major difference between the two pathways resides basically at the recognition of the lesion. For GG-NER, a specific complex (XPC-hHR23B) recognizes disrupted base-pairing. In the case of TCR, it is the ability of the lesion to block the RNA Polymerase what signals the pathway, and two specific proteins are involved in this process, CSA and CSB. The subsequent stages are identical and involve helicases (XPB-XPD), endonucleases (XPG-ERCC1/XPF), auxiliary factors (such as the single-strand binding protein RPA) and the DNA replication machinery to fill the gap (Figure 1 ).
Mismatch Repair (MMR)
MMR removes mispaired nucleotides that result from replication errors and defective homologous recombination, such as base-base mismatches and insertion/deletion loops (8) . It is as well involved in the repair of oxidative damage and damage generated by alkylating agents, and it has been suggested to act as a back-up repair mechanism to BER (23) .
Several genes including MSH2, MSH3, MSH6, MLH1, MLH3, PMS1 and PMS2 are involved in MMR. Initially, the nucleotide mismatch is recognized by the MSH complex, followed by interaction with the MLH/PMS complex, in an ordered reaction that led to nucleotide excision and resynthesis. Cells deficient in MMR display microsatellite instability, a genomic biomarker of MMR defects. Even though defects in MMR have shown causative roles in several malignancies such as colorectal cancer (8) , little is known about the relationship of MMR with aging, and thus this pathway will not be further discussed.
GENOMIC INSTABILITY, AGING-LIKE SYNDROMES AND TUMORIGENESIS
Extensive literature for both human syndromes and mouse models has shown that mutations in several components of the above described DNA repair mechanisms can lead to two seemingly opposite outcomes: either segmental progeria or an increased in cancer incidence, thus suggesting a common biology underlying these two processes (1) . The different human syndromes and mouse models exhibit great variation with respect to their phenotypic manifestations, and they will be summarized below. In general, it seems that in those cases where the DNA damage signaling proteins or gatekeepers (checkpoint factors such as the tumor suppressors ATM, p53, p19Arf and p16INK4a) are affected, DNA damage accumulates because of a failure to activate a repair or an arrest/apoptosis response, thus leading to increased genomic instability and cancer predisposition. In contrast, when the defects occur in the DNA repair factors per se, the so-called caretakers, massive accumulation of DNA damage triggers the activation of the above-mentioned gatekeepers, leading to accelerated cellular senescence/apoptosis and to premature aging phenotypes (1) . In this case, protection against tumor development is achieved at the expense of longevity (the so-called "antagonistic pleiotropy" model) (24) . However, this tentative model does not provide a mechanistic framework for fully defining the distinction between the two outcomes, nor does it explain all manifestations of progeria. In many cases, as described below, both progeroid manifestations and tumors appear together, illustrating the complexity of these processes; how they evolved remains far from being completely understood.
DSB defects in aging and cancer

Gatekeepers in aging and cancer
Defects in upstream factors in the DNA damage response (gatekeepers) can lead to aging-like and/or tumorprone phenotypes. In humans, loss of ATM function causes Ataxia-Telangiectasia (A-T), a syndrome characterized by immunodeficiency, lymphoma, cerebellar degeneration, sterility, and an overall progeroid appearance (25) . Mutations in MRE11 can produce a clinically similar condition called ATLD (Ataxia-Telangiectasia Like Disorder) (26) . A-T mouse models recapitulate many of these phenotypes although with less prominent progeroid features, and neurological dysfunction rather than frank neurodegeneration (4). ATM-deficient mice do however demonstrate age-associated hematopoietic stem cell failure and early onset of lymphomagenesis (27, 28) . These defects, as well as neuronal dysfunction, can be ameliorated by antioxidant treatment, suggesting that dysregulation of reactive oxygen species (ROS) levels constitute a functionally important element of ATM-deficiency (27, (29) (30) (31) (32) (33) . Indeed, ATM itself appears to have a direct role in regulating ROS levels in addition to its function in regulating the DNA Damage Response (DDR) (34) . Thus, ROS seem to play an important role in the phenotypic manifestations of these biological processes, as it will be detailed below. The relationship between ATM, cancer and aging is very complex; in addition to its functions in the DDR and ROS regulation, ATM also plays important roles in telomere maintenance and, as we shall see below, in insulin signaling (35) .
The p53 gene encodes a protein that plays a crucial role in the cell-cycle checkpoint response, promoting either cell-cycle arrest (senescence) or apoptosis in response to genotoxic damage. It is well known that defects in this tumor suppressor cause genomic instability, secondary to lack of cell cycle arrest following damage. The role of p53 in tumorigenesis has been documented extensively, and thus it is not surprising that p53 is found mutated or deleted in a high percentage of human cancers (36) . Nevertheless, recent studies have uncovered a role for p53 in aging as well. A short isoform of p53, termed ∆N-p53 or p44, has been isolated; in the absence of full-length p53, the truncated form is tumorigenic (37) . However, in the presence of wild-type p53, p44 leads to constitutive p53 activity, promoting growth arrest (38) . In this regard, two groups have independently found that mice expressing an N-terminally truncated form of p53 exhibit signs of premature aging (39, 40) . This progeroid syndrome includes osteopenia, lordokyphosis, reduced subcutaneous fat, defective wound healing, and a shortened lifespan. Thus, unregulated constitutive activation of p53 seems to accelerate aging, likely through its role in cell-cycle arrest and senescence. However, these results should be taken with care, given the artificial nature of the unregulated expression of p53 in this model. Indeed, overexpression of a p53 transgene carrying its endogenous promoter ("superp53") protected against tumors without an effect in lifespan (41) . Furthermore, combination of super-p53 with superArf-p19, the tumor-supressor protein encoded by the CDKN2a locus (an inhibitor of MDM2-mediated proteolysis of p53) causes a synergistic effect on tumor resistance and delayed aging (42) . In this case, a marked reduction in ROS levels was detected, once again highlighting the role of ROS downstream of p53 in these processes, as it will be further discussed below.
The other component of the CDKN2a locus, the tumor-suppressor p16INK4a that encodes a cyclindependent kinase-4 inhibitor, has also been clearly linked with aging in mice and humans (43) . p16Ink4a protein levels rise dramatically with age (44), and mice lacking INK4a are tumor-prone but show increased regenerative potential in diverse stem-cell niches. Furthermore, a number of aging associated disorders in humans map to the CDKN2a locus, presumably affecting Ink4a expression (although Arf or other genes may be involved) (45) (46) (47) . Thus, it seems that p16INK4a might serve as a checkpoint to preclude proliferation of cancer cells, although at the expense of limiting the long-term renewal of stem cells. This "stem-cell theory of aging and cancer", which could easily apply to most of the gatekeepers discussed before, it is beyond the scope of this review, and therefore the reader is referred to other recent reviews that discuss this theory in detail (1, 48).
Caretakers in aging and cancer
Two core HR factors, BRCA1 and RAD50, are linked to aging-like and cancer-prone phenotypes in mouse models. Homozygous inactivation of BRCA1 or RAD50 results in embryonic and cellular lethality, respectively (12, 49) . BRCA1 deficiency leads to impaired HR-mediated DSB repair, hypersensitivity to DNA damaging agents and genomic instability (50) . These defects could potentially explain the embryonic lethality.
However, mice homozygous for hypomorphic alleles of these genes exhibit several features of accelerated aging and increased tumor incidence: wasting, skin atrophy, osteopenia and various forms of malignancies (mainly mammary tumors) in the case of BRCA1 (51), and shortened lifespan, cancer predisposition (thymic lymphomas) and hematopoietic stem cell failure in RAD50 mutant mice (52) . In the latter case, the phenotype is partially p53-dependent, suggesting that it occurs in response to unrepaired DNA damage as part of the DDR.
Segmental progeroid phenotypes have been observed in several NHEJ mutant mice as well. Similar to the HR deficiencies, the progeroid syndromes are accompanied with an increased tendency to develop tumors. Specifically, although mutations in the core NHEJ factors Ligase IV or XRCC4 cause embryonic lethality, in the context of p53 deficiency, compound mutant mice are viable but they develop lymphomas (53, 54) . In addition, XRCC4/p53-deficient mice also show degenerative phenotypes --spinal curvature, thinning of the skin, and testicular atrophy (55)--and a hypomorphic allele of Ligase IV is associated with progressive loss of hematopoietic stem cell function (56) . Both Ku70 and Ku80 deficient mice show increased incidence of lymphomas, a phenotype greatly enhanced in the context of p53 deficiency (57, 58) . In addition, a line of Ku80-deficient mice exhibits osteopenia, atrophic skin, liver lesions and shortened lifespan (59) . Although Ku70-deficiency had previously been linked to malignancy but not to degenerative phenotypes, recent results suggest that both Ku70-and Ku80-deficient animals develop similar degenerative syndromes when raised under similar housing conditions (60) . This finding highlights the importance of the environment in modulating progeria phenotypes. Similarly, a strain of DNA-PKcs-deficient mice shows osteopenia, intestinal atrophy, thymic lymphoma and reduced longevity (61) . However, other lines of DNA-PKcs-deficient mice, and mice deficient in Artemis, do not demonstrate these phenotypes (4, 62) . In this regard, both the Ku80 and DNAPKcs-deficient mice show signs of ongoing inflammation, thus some of the observed phenotypes might well reflect degenerative changes caused by chronic infection rather than accelerated aging due to the DNA repair defect (4) . Similarly, Ku and DNA-PKcs function in other pathways distinct from NHEJ such as telomere maintenance (4), raising the possibility that aging-like effects observed in these mutant mice may also occur through mechanisms unrelated to loss of NHEJ function.
Single-Strand lesions in lifespan and tumorigenesis 3.2.1. BER in aging and cancer
Even though BER represents the main pathway to repair oxidative lesions, defects in known BER factors do not produce progeroid manifestations, likely due to redundancy of the glycosylases, on one hand, and the requirement for viability of the core BER factors on the other (63, 64) . However, deficiencies in certain BER factors have been associated with the prevention of agingassociated neurodegeneration (64) . Clearly, the link between BER and aging remains as an open question. In this context, recent studies in our lab have shown that cells lacking the mammalian sirtuin SIRT6 exhibit evidence of defective BER accompanied by an accelerated aging phenotype, and will be discussed in detail below.
On the other hand, defects in several BER factors have been linked to the development of malignancies. Specific polymorphisms in the OGG1 glycosylase and the XRCC1 genes have been related to increased risk of lung cancer (65, 66) and altered expression/activity of Ape1, Polβ and OGG1 has been linked to development of different types of cancers (67) (68) (69) . Overall, BER defects seem to manifest as predisposition to malignancies rather than aging-like syndromes. This is probably due to the fact that null mutations are lethal; tumors will arise when changes in the expression of these genes are subtle enough to be compatible with life, although at the cost of increased genomic instability and concomitant risk of developing cancer.
NER in aging and cancer
Several human patients and mouse strains with defects in NER factors have phenotypes that either resemble premature aging or else exhibit increased tendency to develop tumors (70) . Defects in the TC-NER factors CSA or CSB -encoding proteins that block RNA polymerase II activity--lead to Cockayne syndrome (CS) in humans, a complex disorder with developmental delay, neurodegeneration and progeroid features. In addition, patients with defects in the XPD helicase suffer from trichothiodystrophy (TTD), a disease characterized by brittle hair, skin defects and shortened lifespan (71). Notably, mice with a mutation in XPD that mimics the one observed in TTD develop similar aging associated changes, including wasting, osteoporosis and melanocyte loss (72). More recently, a human patient with a dramatic progeroid syndrome was found to possess defects in the XPF gene. Mice deficient for the XPF exonuclease, its binding partner ERCC1 or mice deficient in CSB/XPA or XPD/XPA also exhibit severe acute degeneration, dying prior to one month of age with osteopenia, skin and bone marrow abnormalities, kyphosis, and, at the cellular level, sensitivity to oxidative stress (73, 74, 75-77). Remarkably, in all these mouse mutants a dramatic inhibition of the somatotrophic axis was observed (74, 77, 78) , leading the authors to suggest that unrepaired DNA damage triggers a metabolic response mediated via the insulin-signaling pathway. The potential modulation of insulin signaling by genotoxic stress might be relevant for other progeroid models, including SIRT6, as discuss in more detail below.
NER defects are associated with cancer as well, and the best example is xeroderma pigmentosum (XP), a rare autosomal-recessive inherited disease characterized by a 1000-fold increased risk of sun-induced skin cancer (79) accompanied in some cases with neurologic abnormalities. Mutations in several NER genes, such as XPD or XPF, can lead to XP. Interestingly, XP-CS and XP-TTD patients exhibit a combination of progeroid and cancer prone conditions, as do mouse models of these diseases (70) .
Overall, it is clear that defects in the different DNA repair pathways can lead to an aging-like syndrome, cancer, or a combination of both. The ultimate outcome depends on the specific function affected and the severity of the defect: a progeroid syndrome will develop in those mutants in which checkpoints and senescence programs can be activated early on, while tumors will arise in cases where the increased genomic instability is unable to activate the gatekeepers, leading to chronic accumulation of genomic instability and ultimately cancer. The underlying basis for these distinct outcomes remains unclear. The combined progeroid/tumor prone syndromes --such as A-T, XP-CS and XP-TTD-present a notable paradox. In these diseases, the activation of gatekeepers resulting in arrest or apoptosis, and consequent progeroid symptoms would be predicted to protect against, rather than promote tumorigenesis. Molecular analysis of mouse models mimicking those specific mutants will likely shed light into this particular puzzle.
Reactive oxygen species as a source of DNA damage
Reactive oxygen species (ROS), the product of endogenous metabolism, likely produce much of the DNA damage that is repaired through one of the pathways discussed above (80) . Thus, changes in ROS metabolism could lead to aging-like or tumor prone phenotypes even when the DNA repair pathways are fully functional. For instance, overexpression of catalase targeted to the mitochondria extends murine lifespan along with lower levels of oxidative damage (81) . Mutation of p66sch -a mitochondrial redox enzyme-or the adenylyl cyclase AC5 -a key enzyme that catalyzes the synthesis of cAMP from ATP-is also associated with decreased oxidative stress and extended lifespan (82) (83) (84) . Interestingly, increasing the levels of oxidative stress can cause both aging-like and cancer-prone phenotypes, depending on the severity of the oxidative damage. For instance, mice heterozygous for mitochondrial superoxide dismutase (SOD2), a critical detoxifier of ROS, exhibit increased oxidative damage and elevated incidence of lymphomas (85) , but normal lifespan. In contrast, mice lacking Hif-2a, a regulator of antioxidant genes, develop metabolic defects including hypoglycemia, systemic degeneration of mitochondria-rich organs, and short lifespan (86) . The relatively short lifespan of these mice precluded analysis on tumor phenotypes. As discussed below, intra-cellular ROS appear to regulate insulin signaling as well (reviewed in Leslie, 2006) , and thus it could affect lifespan and tumor development independent of its effect on DNA damage. On the other hand, chronic accumulation of DNA mutations is a hallmark of aging in mammals (87) , and thus although DNA mutations were not directly measured in these animal models, the critical role of ROS levels in their phenotypes suggest that accumulation of DNA damage likely plays an important role. Overall, although unanswered questions remain on the complex relationship between ROS, aging and cancer, ROS represent an important player in these biological processes, and a subject that will certainly benefits from future studies.
Werner and Hutchinson-Gilford Progeria syndromes: DNA Repair Deficiencies with Striking Progeroid Features
Besides the syndromes described above, two particular human diseases bearing progeroid features with incompletely-defined DNA repair defects deserve mention (88, 89) . Werner syndrome (WS) is an autosomal recessive disorder in humans characterized by the early onset of many manifestations of aging: premature graying, bilateral cataracts, thinning of the skin and loss of subcutaneous adipose tissue, type II diabetes, arteriosclerosis and myocardial infarctions, and neoplasia. However, WS is a not a perfect simulacrum of normal aging (88) (89) . The gene defective in WS, WRN, encodes a large DNA helicase that also possesses an exonuclease domain. The exact function of WRN is unclear; however it has been implicated in several DNA repair pathways and in DNA replication, perhaps in the resolution of unusual DNA structures (64, 89) . Of note, WRN-deficient mice only develop progeroid features in the setting of artificially shortened telomeres -due to combined mutations of the telomerase gene-implying that telomere maintenance is an important role of WRN; loss of this function is evident otherwise in humans but not mice owing to the very long murine telomeres (90) (91) (92) . The role of telomere function in these processes are also highlighted by the Dyskeratosis Congenita progeria and cancer syndrome, which is associated with defects in processing of the telomerase RNA component resulting in loss of telomerase activity (93) . Even though the role of telomere dysfunction in aging and cancer has been extensively documented, it is beyond the scope of this review, and the reader is referred to any of several excellent studies on this matter (1, 93) .
In humans, different mutations in the LMNA gene, encoding the nuclear lamins A and C, are associated with a spectrum of disorders termed the laminopathies, affecting many different tissues (89) . Three of these diseases possess progeroid features; the best characterized, HutchinsonGuilford Progeria syndrome (HGPS), is a severe condition with onset in childhood, characterized by atherosclerosis and myocardial infarction, skin changes and hair loss, loss of subcutaneous fat, and skeletal abnormalities. Most LMNA mutations associated with HGPS interfere with proteolytic processing of prelamin A to mature lamin A; these phenotypes can be reproduced in various LMNA mouse mutants or mice lacking the protease that processes LMNA, Zmpste24 (89) . Even though it remains unclear how lamin A deficiency causes HGPS, recent studies indicate that LMNA defects lead to abnormalities in nuclear structure and DNA repair: genomic instability, genotoxin sensitivity, and impaired recruitment of repair factors (94) (95) (96) . The survival of Zmpste24-deficient mice is improved in a p53-deficient background, implying that checkpoint responses to unrepaired DNA damage likely play an important role in the pathogenesis of HGPS (97), analogous to the situation in RAD50 mutant mice (52) . Overall, although the specific DNA repair defects in WS and HGPS have not been fully characterized, there is ample evidence that these disorders may be caused at least in part by impaired DNA repair.
The Fanconi Anemia pathway
This section will be incomplete without a mention on the Fanconi Anemia (FA) disorder, a rare recessive disease characterized by bone marrow failure due to increased apoptosis of hematopoietic cells, congenital defects and cancer predisposition. In addition, signs of accelerated aging are also observed, likely due to increased cell death in the proliferating compartments of the organism (98, 99) . At the cellular level, FA patients exhibit increased chromosomal aberrations and extreme sensitivity to DNA interstrand-cross linking (ICL) agents. Until recently, little was known about the molecular defects behind this disease. Recent studies indicate that it is caused by mutations in any of several genes of the FA pathway, a specific pathway in charge of repairing DNA ICLs. The FA multi-protein complex includes helicases and endonucleases, capable of recruiting DNA repair proteins such as BRCA1, RPA, Topoisomerase III, DNA polymerases and the MRN complex to sites of DNA crosslinks (see (98) for review).
THE INSULIN/IGF1-LIKE SIGNALING (IIS) PATHWAY
IIS represents a conserved pathway, regulating metabolism in many organisms. Similar to the DNA repair pathways described before, extensive literature has linked the IIS pathway to both lifespan regulation and cancer. IIS is initiated when insulin or its related peptides bind to their cognate transmembrane receptors leading to receptor autophosphorylation (100) (Figure 2 ). In turn, this receptor activation causes phosphorylation of insulin receptor substrate (IRS) proteins, allowing recruitment of several proteins, initiating multiple signaling cascades. One important cascade involves the activation of phosphatidylinositol-3-OH kinase (PI3K), which leads to the activation of PDK1 kinase. This, in turn, activates the AKT/PKB kinase, a critical mediator of multiple downstream processes, such as metabolic adaptation, stress resistance, cell cycle, survival and growth (101) . The FoxO family of transcription factors represents one of the main effector arms of the PI3K-AKT signaling pathway. AKT activation leads to FOXO phosphorylation and sequestration of the proteins in the cytoplasm. Reduced IIS allows nuclear translocation of FoxO proteins, where they activate or repress transcription, promoting stress resistance, cell death, cell cycle arrest and metabolic changes in a cell-type specific and context-dependent manner (102) (Figure 2 ). The specific response will likely depend on the type and intensity of the original stimulus. For instance, DNA damage and the DDR activates a strong IIS response to allow cellular adaptation, as we learned recently (103) , and such links between these conserved pathways will be further discussed below.
Insulin signaling in aging and cancer 4.1.1. IIS in lifespan regulation
Reductions in IIS are associated with longevity in many model organisms. Deletion of the AKT homolog sch9 promotes stress resistance and increased lifespan in yeast (see below) (104, 105) . In C. elegans, mutations in the Insulin/IGF1 receptor homolog daf-2, the PI3K homolog age-1, or pdk-1 confer extended longevity dependent on the FOXO protein DAF-16 (106) . Interestingly, knock-down of the insulin receptor in C. elegans and knock-down of several downstream targets of DAF-16, affected both tumor growth (in a worm model of cancer) and lifespan of tumor-free animals, indicating that in lower organisms, cancer and aging are processes mechanistically connected (107, 108) . In this case, reducing insulin signaling had a beneficial effect on both cancer and lifespan, and thus they offer a distinct view from the "antagonistic pleiotropy" model, where cancer protection is exerted at the expense of longevity (24) . Therefore, it will be interesting to test whether mammalian homologs of these FOXO-target genes protect against tumor and aging as well. In Drosophila mutations in the insulin receptor Inr (109) the IRS homolog chico (110), or overexpression of FOXO proteins in the fat body (111) also lead to extended lifespan. Suppressing IIS in Drosophila heart reduces agerelated cardiac decline that occurs in this organism (112) . Finally, perturbations in the TOR pathway, another Akt target impacting on nutrient sensing and IIS (Figure 2) , increase lifespan in lower organisms (105, (113) (114) (115) .
Mammals possess distinct hormones that provoke IIS to signal different outcomes: insulin, secreted by the beta cells of the pancreas, directs anabolic metabolism, whereas IGF1, secreted mostly by the liver in response to pituitary growth hormone (GH), predominantly directs somatic growth and differentiation (116) . Evidence suggests that IGF1 is most relevant for lifespan determination in mammals; reduced IGF1 signaling is associated with extended longevity in mice (116) . Also, deletion of the Irs2 gene specifically in brain leads to increased longevity (117) . In contrast, reduction in insulin sensitivity or insulin secretion produces diabetes and shortens lifespan in mice and humans. Even though deletion of the insulin receptor specifically in adipose tissue does extend longevity, this effect may stem from reduced adiposity in these animals rather than altered IIS per se (118) . In humans, reduced IIS has not been clearly linked with longevity; indeed low levels of IGF1 have been linked to cardiovascular disease and diabetes, whereas high IGF1 levels may confer susceptibility to cancer (116) . Overall, while we lack convincing data supporting a connection between IIS and longevity in humans, compelling evidence links reduction of IIS to increased lifespan in diverse organisms, including mammals.
IIS and cancer
Similar to DNA repair mutants, defects in the insulin-signaling pathway have not only been correlated with lifespan regulation, as described above, but defects in several of its components also correlate with increased appearance of tumors in humans (119) . For instance, the phosphatase PTEN that inactivates the PI3K/Akt pathway is mutated in a wide variety of tumors (120, 121) . In addition, germline mutations in the PTEN gene were found in tumor-prone syndromes such as Bannayan-Zonana and Cowden syndromes (121, 122) . Consistent with this effect in humans, mice deficient in PTEN develop a broad range of tumors, such as skin, prostate, colon and breast carcinomas, as well as thymic lymphomas (123) (124) (125) (126) (127) . PTEN encodes a major lipid phosphatase that functions in the PI3K signaling cascade, and loss of PTEN leads to the activation of the insulin-signaling pathway, stimulating cell growth and proliferation (128, 129). Furthermore, PTENdeficient cells exhibit genomic instability due to hyperactivity of AKT in these mice leading to phosphorylation and degradation of Chk1 and defective checkpoint responses (130, 131) . Therefore, mutations in PTEN were thought to influence tumor development solely through its effect in cell proliferation and cell cycle modulation. However, in a recent study, PTEN was shown to move to the nucleus and interact with both the centromeric protein CENP-C and the DNA repair factor Figure 2 . The insulin-signaling pathway. Insulin activates phosphatidylinositol 3-kinase (PI3K) through phosphorylation of the insulin receptor susbtrate 1-4 (IRS-1/IRS-4) proteins. PI3K generates phosphatidylinositol-3,4,5-triphosphate (PIP3) that triggers the phosphorylation of PDK1 and subsequent phosphorylation and activation of the AKT/PKB and SGK kinases. Recent studies identified the phosphatase PHLPP as a direct inhibitor of AKT. This first step of the pathway can also be regulated by the phosphatase PTEN, which reverts the formation of PIP3. Activated AKT then phosphorylates FOXO, sequestering it in the cytoplasm. SGK can also phosphorylate FOXO independently of AKT. When insulin signaling is inhibited, FOXO is dephosphorylated (through an unknown mechanism) and translocates to the nucleus, impinging on several downstream target genes to promote stress resistance (a process promoted by FOXO deacetylation through SIRT1), and --in specific contextsinhibition of cell proliferation or apoptosis. In parallel, AKT activation also leads to phosphorylation and inactivation of the tuberous sclerosis-2 (TSC2) protein, which promotes activation of target of rapamycin (TOR). TOR, in turn, promotes protein synthesis and cell growth. TOR signaling can be inhibited under conditions of stress, which increases AMP/ATP ratio, activating AMPK through a mechanism involving the LKB1 tumor suppressor protein. AMPK subsequently phosphorylates and activates TSC2 -at different sites from AKT-causing inhibition of TOR signaling. Cell growth and protein synthesis can also be regulated through the MAP-kinase pathway, a third parallel sub-pathway activated by the IRS proteins. The precise role of SIRT6 in the insulin-signaling pathway remains unclear.
RAD51. Indeed, PTEN-deficient cells exhibited a striking increase in chromosomal instability (132) . Hence, the chromosomal instability in PTEN mutant cells is likely the result from both direct engagement of PTEN with the repair machinery as well as to aberrant Akt activation. It is then conceivable that the tumorigenic potential of insulinsignaling defects might also be secondary to the effect of some of these factors in genomic stability, rather than to its sole effect on cell proliferation.
As mentioned above, the TOR pathway has recently been shown to influence lifespan in lower organisms. However, activating mutations in several TOR regulators have been linked to tumors in humans as well (133) , and the usage of the TOR inhibitor rapamycin is currently tested in clinical trials for cancer treatment. In this same context, deficiency in the Foxo family of transcription factors were long predicted to influence cancer, given the prominent role of Foxo proteins as downstream negativelyregulated effectors in the PI3K/Akt signaling pathway. Indeed, somatic deletion of all three Foxo members (Foxo1, Foxo3 and Foxo4) in mice leads to the development of aggressive lymphomas as well as benign hamartomas (134) . It is not known whether these tumors exhibit genomic instability. However, overexpression of Foxo3a increased UV-damaged DNA repair (135) . In addition, a recent study indicates that inactivation of FOXO causes decreased expression of catalase, with the concomitant increase in ROS levels and genomic instability (136) . Thus, as in PTEN mutants, the neoplastic phenotype observed in FOXO-deficient animals might involve effects on genomic stability. As noted above, targets of the FOXO homolog in C. elegans, DAF-16, also influence both lifespan and tumor growth (108), thus indicating that the effect of FOXO in cancer and aging seems to be evolutionary conserved.
Other factors in the insulin-signaling pathway have also been shown to influence tumorigenesis. For instance, overexpression of the adaptor signaling molecules IRS-1 and IRS-2 caused increased tumor incidence and metastasis in a mouse model of breast cancer (137). In this same context, increased activity of the PI3K Akt1 pathway is found in numerous human cancers, and overexpression in mice caused tumor resistance against chemoterapy (138, 139) , while Akt deficiency in mice suppresses oncogenesis (140) . The impact of PI3K activation status on the degree of genomic instability of human tumors has not been determined, thus it remains unclear whether DNA damage directly provoked by this pathway plays a role in these cases.
Overall, it appears that unregulated IIS activation leads to tumor development, while suppression of IIS promotes longevity. As shown recently for PTEN, some of these phenotypes are not only due to the effect of these factors on cell proliferation but rather on their role in regulating genomic stability as well. It will be important to demonstrate whether this applies for other insulin-signaling factors as well. In this regard, it appears that communication between these two pathways (IIS and DNA repair) would lead to a better coordinated response, which certainly will be beneficial for the cells. This cross talk appears more general than previously suspected, and it will be further discussed below.
ROS and IIS
Apart from the effect of ROS on DNA damage, recent studies indicate that ROS levels can influence insulin signaling, affecting organismal metabolism as well. In this context, increased ROS levels cause oxidation and inactivation of several inhibitors in the insulin-signaling pathway, such as PTEN (reviewed in (141) and increased overall IIS. However, these results conflict other studies indicating that cancer cells with increased glycolysis (and therefore reduced oxidative-phosphorylation and ROS), exhibit increased NADH levels that cause inactivation of PTEN (142) . In this case, reduced levels of ROS were accompanied by increased Akt phosphorylation, and therefore increased insulin signaling. This study provides an explanation for the "Warburg" effect observed in cancer cells, where these cells experience growth-stimulatory signals under hypoxic conditions that favor glycolysis. In general, the relationship between ROS and insulin signaling is a complex one, and the discrepancies between these studies suggest that the net effect of ROS on IS will probably be cell-and context-dependent.
THE SIRTUIN FAMILY OF PROTEINS
Sirtuins are homologs of the yeast Sir2 protein, the founding member of this family, originally discovered in a screen for proteins that were able to silence the mating type locus (Sir: Silent Information Regulator) (143, 144) . The sirtuins represent another category of genes with conserved functions in lifespan and likely in cancer as well. Overexpression or hyperactivity of sirtuins in many species, including yeast, worms, flies, fish and potentially mammals, promotes longevity (145) . In mammals, seven homologs, termed SIRT1-SIRT7, have been described (145, 146) . Sirtuins exert their effects via NAD-dependent enzymatic activity; some of them possess robust deacetylase activity, like SIRT1, while others, like SIRT4 and SIRT6, appear to function primarily as ADP-ribosyl transferases, with little or no deacetylase activity, at least in in-vitro assays (147, 148) . Although yeast Sir2 apparently only modifies histones, other sirtuins have evolved to modify a large array of proteins. Among mammalian sirtuins, SIRT1 is the best-characterized; SIRT1 binds to and/or deacetylates a wide variety of factors impacting on numerous cellular processes, including stress resistance (p53, FOXO, NF-κB, E2F1, Ku70) and metabolism (FOXO, PPARγ, PGC1α), as well as many others (145, 149, 150) .
Sirtuins and DNA repair
Given the conserved role of DNA repair pathways and IIS in lifespan, it is remarkably that both pathways seem to be affected by sirtuins. In budding yeast, Sir2 suppresses recombination at the rDNA array, and thus the formation and accumulation of extrachromosomal ribosomal circles (ERCs). ERCs represents a major cause of yeast aging in a replicative lifespan assay -that is, when lifespan is measured in terms of number of divisions undergone by a mother cell (151) . Modest overexpression of Sir2 increases yeast lifespan, whereas loss of Sir2 reduces lifespan (152, 153) ; in both cases lifespan modulation was directly proportional to the stability of the rDNA array. Thus, at least in yeast, genomic integrity seems to play a critical role in the ability of sirtuins to influence lifespan. In addition to the role of Sir2 in rDNA integrity, some sirtuins are involved in the DDR; yeast lacking Sir2 are sensitive to a variety of DNAdamaging agents (154) (155) (156) . Furthermore, a protein complex containing Sir2 relocalizes to sites of DNA damage in response to DSBs in a manner dependent upon Mec1, the yeast ATM homolog (155) (156) (157) . However, the role of Sir2 in DNA repair is largely indirect and occurs predominantly via repression of the silent mating type loci; mating type itself regulates DNA repair in S. cerevisiae. (158, 159) . In addition, the yeast sirtuins Hst3 and Hst4 deacetylate K56 of histone H3; lack of this activity results in DNA damage sensitivity, genomic instability, temperature sensitivity, and silencing defects (160-162). Hst3 and Hst4 are downregulated during Sphase and following DNA damage, conditions under which acetylation of H3-K56 is detectable, implying that precise temporal regulation of this modification is required to ensure proper genome maintenance. How this modification promotes genomic stability is unclear. In Trypanosoma brucei, the sirtuin TbSIR2RP1 deacetylates and ADP-ribosylates histones and promotes survival in reponse to DNA damage. TbSIR2RP1 increases chromatin accessibility to micrococcal nuclease following genotoxin treatment; thus one plausible model of TbSIR2RP1 function is that this sirtuin modifies chromatin following genomic insult to allow greater access to DNA repair enzymes (163) . This activity of TbSIR2RP1 may serve as a paradigm for understanding how SIRT6 functions to facilitate DNA repair (see below). Although little is known about the role of mammalian sirtuins in DNA repair, a recent study indicates that SIRT1 can deacetylate the DDR protein NBS1, an activity required for proper activation of NBS1 and regulation of the intra-S phase checkpoint (164) . In addition, SIRT6 can also affect genomic integrity, through an effect in BER, as described further below (148).
Sirtuins and IIS
In C. elegans and mammals, sirtuins can also modulate IIS, suggesting a second mechanism by which these proteins could affect lifespan in higher organisms. Lifespan extension provided by increased dosage of Sir2.1 in C. elegans depends upon the FOXO protein DAF-16 and on 14-3-3 chaperone proteins that bind both FOXOs and Sir2.1 (165-167). However, extended lifespan mediated by defects in IIS are not dependent upon Sir2.1 (168) . These data suggest that Sir2.1 acts in parallel with IIS, both pathways converging to regulate DAF16 (166) . In mammals, the capacity of SIRT1 to deacetylate FOXO proteins promoting their transactivation of stress resistance genes, could potentially contribute to lifespan extension (102) . Recently, SIRT2 has been shown to deacetylate FOXO3A, causing decreased ROS levels under conditions of mild stress but promoting cell death under severe stress (169) .
Sirtuins can also act upstream of intracellular IIS to influence insulin secretion itself. Mice overexpressing SIRT1 specifically in the beta cells of the pancreas produce higher levels of insulin (170) , whereas SIRT1-deficient mice secrete lower levels of insulin (171) , effects occurring via regulation of uncoupling protein 2 (UCP2) transcription by SIRT1. SIRT1-deficient animals also possess elevated levels of IGF-1 binding protein (IGFBP1), resulting in suppression of IGF-1 signaling; it has been suggested that many of the effects of SIRT1 deficiency -in particular, small size, failure to thrive, and sterility --stem from reduced IGF-1 signaling (172). However these results must be interpreted with some caution, because these phenotypes are somewhat non-specific. Moreover, given that most SIRT1-deficient mice on a pure strain background die perinatally, analysis of adult SIRT1-deficient mice necessarily occurs using a highly-selected subset of animals (173, 174) . With respect to other mammalian sirtuins, SIRT4 ADP-ribosylates and inactivates the metabolic enzyme glutamate dehydrogenase (GDH) resulting in reduced amino acid-induced insulin secretion (147) . During periods of prolonged fasting, inhibition of GDH by SIRT4 is relieved via an unknown mechanism, allowing regulation of insulin secretion by amino acids rather than glucose (147).
Calorie restriction: the intersection of IIS and sirtuins?
Calorie restriction (CR) is an intervention capable of extending lifespan in a wide variety of eukaryotic organisms (175) . Both IIS and sirtuins have been implicated in the organismal response to CR. In yeast replicative aging, the CR response depends on integrity of AKT/SCH9 (105) . In metazoans however, the CR and IIS pathways are separable. In C. elegans, lifespan extension by CR is dependent on the PHA4 forkhead family transcription factor rather than DAF-16 (176) . Moreover, worms and flies with impaired IIS still respond to CR (177, 178) . In mammals, CR is associated with lower levels of ROS, and concomitantly, a lower frequency of ROSinduced mutations (179, 180) . Additionally CR leads to multiple endocrine changes, including alterations in IIS: reduction in IGF1, insulin, and blood glucose levels, as well as increased insulin sensitivity (116, 181) . However, the data regarding the relationship between IIS and CR in mammals is somewhat contradictory. Long-lived dwarf mice --carrying a mutation that negatively influences IGF-1 production but affects many other aspects of physiology as well --live even longer when exposed to CR, indicating that CR can activate an IIS-independent pathway (182). However, mice lacking the growth hormone receptor, with low levels of IGF-1, do not show further extension of lifespan under CR (183) , suggesting that the CR response and IIS occur via overlapping mechanisms.
Based on work in yeast and other invertebrates, studies using the sirtuin activator resveratrol, and indirect data in mammals, sirtuins have been proposed to mediate the effects of CR (147, (184) (185) (186) ; however this connection is currently controversial (187) . Although in Drosophila the CR response is Sir2-dependent (188), in C. elegans, different CR models reveal a partial dependence (168) or an independence of Sir2.1 (189) . It should be noted that recent studies showed a minor sirtuin-independent effect for resveratrol in lifespan extension in C. elegans and Drosophila, questioning the role of sirtuins in lifespan extension in these organisms (190) ; future studies will be necessary to fully clarify the relevance of these proteins in lifespan extension in these organisms. In mammals, levels of SIRT1, SIRT2, and SIRT3 proteins rise in tissues of animals subject to CR (169, (191) (192) (193) . Moreover, in response to nutrient deprivation, SIRT1 deacetylates and activates the central metabolic transcriptional regulator PGC-1α (194, 195) . Unlike wild-type mice, SIRT1-deficient animals do not raise their overall activity in response to CR, suggesting that SIRT1 might mediate behavioral aspects of the CR response; however, changes in several serum components in response to CR were intact in SIRT1 animals, demonstrating, at the very least, SIRT1 is not the sole mediator of the CR response (185) . Overall, sirtuins, IIS, and CR represent overlapping but distinct paradigms of lifespan extension.
Mammalian Sirtuins in aging and cancer
Overall, there is clear evidence to support a role for sirtuins in lifespan extension in lower organisms, as described before. Furthermore, some sirtuins seem to influence lifespan through a role in DNA repair while others regulate IIS. In the context of mammalian sirtuins, their functions in stress resistance, metabolic homeostasis and CR are consistent with a potential beneficial effect in lifespan. Indeed, both SIRT1 and SIRT2 exhibit protective role in models of neurodegeneration (196, 197, 198) , and recent studies in mice showed that resveratrol promotes longevity and improves glucose homeostasis in a Sirt1-dependent manner (199, 200) . A specific allele of SIRT3 that maintains an enhancer shows higher frequency in elderly people, suggesting a link between SIRT3 expression and longevity (201, 202) . In addition, SIRT1 may also inhibit replicative senescence by deacetylating histone H1 and inhibiting the formation of heterochromatin (203) . Recent studies demonstrated that loss of H1 occurs during formation of senescent associated heterochromatic foci (SAHFs) (204) , and thus we could hypothesize that increased levels of SIRT1 would be beneficial to avoid cellular senescence via deacetylation of H1, in this way promoting cellular and organismal lifespan (3). However, other results are potentially inconsistent with a beneficial effect for sirtuins in lifespan. While modest overexpression of SIRT1 protects cardiac muscle from age-related deterioration, higher levels actually promote degenerative changes in this tissue (205) . As mentioned before, SIRT1 appears to promote insulin secretion and IGF-1 signaling, activities predicted to reduce longevity (172). Furthermore, we found that SIRT1 promotes fibroblast senescence under conditions of low oxidative stress, via regulation of the tumor suppressor Arf (206) . In this context, a potential role for SIRT1 in senescence of critical cell populations -like stem cells-would promote tissue decline via stem cell depletion.
Less is known about the effect of sirtuins in cancer. Recent studies suggest that SIRT1 promotes tumorigenesis via its deacetylation and down-regulation of p53 activity (207, 208) . In these tumor models, SIRT1 expression was up regulated due to lack of HIC1, a tumor suppressor frequently inactivated in human cancer (209) , and a negative regulator of SIRT1 expression (207) . In addition, SIRT1 deacetylates E2F1 and Foxo proteins, decreasing DNA damage-and stress-induced apoptosis (150, 210) . These roles of SIRT1 in down-regulating p53, Foxo and E2F1 could have a beneficial effect in lifespan extension by promoting survival under conditions of stress. However, some of these same pro-survival properties of SIRT1 could be pro-tumorigenic, and thus impacting negatively on lifespan. Along these lines, SIRT1 is overexpressed in a number of tumor types (94, (211) (212) (213) . On the other hand, forced overexpression of SIRT1 inhibited the in vitro growth and proliferation of prostate cancer cells through deacetylation of the androgen receptor (214) . Other sirtuins have potential roles in cancer as well. SIRT2 is downregulated in human gliomas; since SIRT2 delays mitotic exit, lack of this protein might cause defective mitotic checkpoint and genomic instability (215) (216) (217) . However, a direct effect of SIRT2 on genomic integrity and cancer remains as yet to be described. SIRT7 is overexpressed in human thyroid carcinoma and breast cancers (218) (219) , but the significance of these results remains unclear. As described below, the effect of SIRT6 on both DNA repair and IS suggests a role for this protein in both lifespan regulation and tumorigenesis, and it will be discussed in detail below. Altogether, these results highlight the complexity of sirtuin roles in cancer development, in particular for SIRT1. Future studies will help to pinpoint the precise function for these proteins in influencing the development of malignancies.
SIRT6 LINKS DNA REPAIR AND IS
Thus far the roles of these two conserved mechanisms -IS and DNA repair-were described in the context of lifespan regulation and tumorigenesis, and how certain sirtuins appears to regulate them. Recent studies have shown that these pathways appear to communicate with each other, in order to establish a coordinated and appropriate response in the face of stress. In this context, the sirtuin SIRT6 likely exemplifies one of those regulators capable of modulating metabolic responses in order to handle stress and DNA damage.
SIRT6 influences DNA repair
Mouse embryonic fibroblasts (MEFs) and embryonic stem (ES) cells homozygous for SIRT6 deletion exhibited slow growth, and increased sensitivity to genotoxic insults, such as ionizing radiation. In addition, analysis of metaphase spreads indicated increased levels of spontaneous genomic instability, characterized by numerous non-clonal chromosomal aberrations (148) . These phenotypes suggested a defect in the ability of the cells to cope with DNA damage. Indeed, SIRT6-deficient cells exhibited increased sensitivity to alkylating and oxidizing agents, such as methyl methane sulfonate (MMS) and hydrogen peroxide (H2O2), but normal response to UV damage (repaired through NER) and normal repair of DNA DSBs. These spectrums of sensitivities suggest a role for SIRT6 in BER; in support of this notion, these sensitivities were rescued by expression of the dRP-lyase domain of DNA polymerase β (polβ) (148) . How might SIRT6 influence BER? Given its tight association with chromatin, one possibility is that SIRT6 influence the chromatin environment to allow access of the BER factors to the site of damage. Notably, several BER factors performance is severely reduced on chromatinized templates (220, 221). In this regard, extracts from SIRT6-deficient cells exhibited a normal response in an in vitro BER assay with naked nonchromatinized DNA templates (148) . On the other hand, it is still possible that SIRT6 plays no direct role in the BER process, but rather influences DNA damage accumulation via modulation of ROS, a possibility discussed further below.
Organismal degeneration: SIRT6 function in metabolic homeostasis
From the aging research standpoint, SIRT6 deficiency causes the most dramatic phenotype among sirtuins. As mentioned above, at the cellular level SIRT6 deficiency leads to genomic instability. In the whole organism, metabolic defects dominate the manifestations of SIRT6 deficiency. SIRT6 knockout animals are born at a Mendelian ratio, and appear relatively normal until approximately two weeks of age. At this point, mice degenerate in an acute manner, exhibiting extremely low levels of the hormone IGF-1, osteopenia (likely due to low IGF-1 levels), lymphopenia and a severe hypoglycemia, which causes the demise at around a month of age (148) . Overall, SIRT6 deficiency is associated with a complex phenotype resembling some aspects of models of "premature aging" (4) . We have recently found that these mice exhibit low insulin levels as well (unpublished results), suggesting that the animals are experiencing increased insulin sensitivity, and indicating that SIRT6 might directly down-regulate this pathway to promote normoglycemia. In this regard, recent studies in several cell types demonstrate that SIRT6 down-regulates Akt phosphorylation, allowing nuclear relocalization of Foxo proteins (R.M., David Lombard, Bjoern Schwer, and Frederick Alt, unpublished results). Furthermore, SIRT6-deficient mice exhibit increased Akt phosphorylation despite low levels of circulating insulin, suggesting that, indeed, these mice are experiencing increased insulin sensitivity and further reinforcing the possibility that SIRT6 functions to down-modulate insulin signaling.
Crosstalk between DNA repair and insulin signaling: the SIRT6 connection
It is remarkable that SIRT6 impacts on these two conserved pathways. What is the connection between these roles? One possibility is that SIRT6 influences both DNA repair and IIS independently of one another, influencing numerous substrates, as shown for SIRT1 and SIRT3. However, another possibility is that SIRT6 function could link both the DNA damage response and the metabolic adaptation to that response ( Figure 3) . As discussed below, the DNA damage response can be accompanied by changes in the IIS pathway, and conversely, metabolism can affect DNA damage repair. In this context, SIRT6 deficiency could lead to a primary DNA repair defect that triggers a metabolic response (model 1 in Figure 3 ) in order to cope with the damage. In this case, the effect of SIRT6 in IS will be indirect. In contrast, SIRT6 could directly downmodulate IS (model 2 in Figure 3 ), causing decreased overall levels of ROS due to reduced metabolic activity. Decreased ROS levels could in turn protect against DNA lesions that arise following chronic exposure to ROS. Finally, SIRT6 could directly regulate ROS levels, which in turn can influence both DNA repair and insulin-signaling response (Model 3 in Figure 3 ), as discussed in Sections 2.2.3 and 3.2. Undoubtedly, future studies will be critical in order to determine the precise molecular role for SIRT6 in these pathways.
A GENERAL LINK BETWEEN METABOLISM AND DNA DAMAGE: OVERLAP BETWEEN CONSERVED PATHWAYS OF AGING AND CANCER
DDR can modulate IIS pathways
We have described the possibility that SIRT6 could link these two pathways, therefore suggesting that their effects on cancer and lifespan might be connected. In this regard, SIRT6 is probably only one example of concerted regulation of DNA repair and IIS pathways (Figure 4 ). For instance, recent studies have uncovered a general link between IIS and the DNA damage response (DDR), suggesting means by which cellular metabolism might be regulated in the face of DNA damage (222) . During the DDR, proteins implicated in IIS are phosphorylated, potentially modulating IIS (103) . The ATM kinase, central to the DDR, has also been linked to metabolic regulation. ATM positively regulates expression of the IGF-1 receptor (IGF-1R), and enforced expression of the IGF-1R in ATMdeficient cells rescues their radiation sensitivity (223) In addition, ATM positively regulates insulin sensitivity and negatively regulates the development of atherosclerosis in a mouse model of dyslipidemia (224).
More generally, several mouse models of defective DNA repair, like the NER-deficient mice, show profound metabolic abnormalities. We have already discussed the appearance of both genomic instability and metabolic defects in the absence of SIRT6 (148) . Furthermore, some of the changes in the insulin-signaling pathway seems to depend on the level of genotoxic stress, thus suggesting that SIRT6 is involved in regulating metabolic changes in response to DNA damage (R.M., David Lombard and Frederick.W.Alt, unpublished results). Thus, in the case of SIRT6, both responses appear to be linked. This also seems to be the case with regards to defects in the NER pathway. As described above, in several mouse models of NER deficiency, such as ERCC1, XPF, CSA/XPD and CSA/XPA-deficient mice, the progeroid phenotype, secondary to increased DNA damage, was accompanied by an inhibition in the somatotrophic axis (e.g., low insulin and low IGF-1 levels) (74) . In these cases, the mice experienced increased insulin sensitivity and hypoglycemia as well, thus the overall phenotype strikingly resembled the one observed in SIRT6-deficient mice. In the case of the NER-deficient mice, Hoeijmakers and colleagues proposed that the inhibition of the somatotrophic axis represents a response (albeit a non-successful one in this case) aiming to Three models for SIRT6 function. 1-SIRT6 is activated by DNA damage, which causes increased SIRT6-dependent DNA repair. In turn, this could lead to down-regulation of insulin signaling as a mechanism to avoid further damage. In this case, SIRT6 effect on insulin signaling will be indirect. 2-In this model, DNA damage activates SIRT6, causing SIRT6 to directly down-regulate insulin signaling, with subsequent less production of ROS and less DNA damage. In the absence of SIRT6, increased ROS production secondary to increased insulin signaling would lead to chronic accumulation of DNA damage which could explain the genomic instability observed in SIRT6-deficient cells. 3-Following DNA damage, activated SIRT6 downregulates ROS production, which in turn can impinge on both insulin signaling (142) and DNA damage. diminish the generation of ROS, in order to better handle the damage. However, the mice are experiencing increased insulin sensitivity and hypoglycemia, thus, as in the case of the SIRT6 deficiency, another possibility could as well be that the low levels of insulin and IGF-1 are secondary to the hypoglycemia. In this case, the increased insulin sensitivity, with the concomitant increase in metabolism and ROS production, might directly contribute to the observed DNA damage, which in conjunction with the primary NER defect could lead to the irreversible phenotype observed. However, it remains unclear why these mice experience increased insulin sensitivity, and determining whether insulin sensitivity represents a primary response to the increased DNA damage in these mice will be critical in order to understand the phenotypes observed.
IIS can influence DNA repair
In a reciprocal way to the effect of DDR in insulin signaling, factors implicated in IIS can impact upon the DDR and/or DNA repair (Figure 4) . We mentioned before that cells deficient in PTEN, a negative regulator of IIS, show genomic instability as a consequence of hyperactivity of AKT, leading to phosphorylation and degradation of Chk1 and defective checkpoint responses (130, 131) . PTEN also functions to maintain genomic stability via regulation of Rad51 and centromeric stability (132) . IGF-1 itself stimulates HR by promoting translocation of Rad51, a critical protein involved in HR, to sites of DNA damage (225, 226) . This overlap between the Figure 5 . Aging and cancer: similar defects-two outcomes. Defects in insulin signaling and caretakers (DNA repair factors) lead to increase DNA damage and stress. In the case where these defects trigger a checkpoint response, cells will arrest, leading to a senescence phenotype. Chronic lost of these cells, or depletion of the stem-cell pool in critical tissues will end up in tissue degeneration and organismal aging. In those cases where a checkpoint response fails to mount, as observed when gatekeepers (checkpoint proteins) are affected, mutations in the DNA accumulate beyond control. Mutations in tumor-suppressor genes and oncogenes will lead to the development of malignancies.
DDR and IIS suggests that cells may modulate IIS in the face of DNA damage, perhaps to reduce overall cellular metabolism, lowering ROS levels and averting further DNA damage, similar to what we proposed for SIRT6 ( Figure 3) .
Notably, there are two other cases where defects in DNA repair and metabolic responses appear to be linked (Figure 4 ). Mice deficient in the chromatin adaptor HMG1 exhibited severe hypoglycemia (227) , and, similar to SIRT6, cells deficient in HMG1 display pronounced genomic instability (228) . Given the strong binding of SIRT6 to chromatin, it will be interesting to test whether SIRT6 acts in concert with HMG1 in order to promote genomic stability and metabolic homeostasis. The second case involves the tumor suppressor p53. It has been reported that p53 directly activates PTEN and the TOR regulator TSC2 (229, 230). As mentioned above, transgenic mice over-expressing the p44 isoform in the context of WT p53 exhibited signs of premature aging (40) . Interestingly, tissues and MEFs from the p44 transgenic mice display a striking increase in insulin-signaling activity, including increased Akt phosphorylation, Foxo phosphorylation and reduced PTEN levels. Similar to SIRT6-deficient MEFs, p44 transgenic MEFs show signs of reduced proliferation capacity (40) . In addition, these authors found increased phosphorylation of the MAP kinase Erk, which was followed by activation of the p53-target p21. p21 mediates a cell-cycle response, thus explaining the reduced proliferation capacity in these cells. It is still unclear whether this side of the pathway is affected in the SIRT6 and HMG1 mutants, a possibility that certainly deserves future attention.
PERSPECTIVE
DNA repair, insulin signaling and sirtuins represent common regulatory mechanisms at the crossroads between cancer and aging. The same defects in these pathways that distinguish normal cells from their cancer counterparts, appear to influence how we age as well. It is clear that both the energetic status and the genomic integrity of our cells play a primordial role in cell-fate decisions such as proliferation vs. arrest and repair vs. apoptosis. Given the role of the insulin-signaling and the DNA repair pathways in those decisions, it comes as no surprise that de-regulation of these pathways could lead to these two seemingly distinctive outcomes. However, the fact that IIS and DNA repair seem to act in a concerted fashion indicates that communication between different pathways is crucial to maintain a balance homeostasis. In this regard, sirtuins appear to influence those pathways, therefore representing bona fide regulators of cellular homeostasis. Whether cells take the road of cancer or the road of aging will probably depends on the intensity of the signals: likely, a checkpoint-arrest response following excessive DNA damage and/or deregulated IIS will lead to depletion of critical cell populations -like stem cellspromoting tissue decline, degenerative diseases and eventually aging. In contrast, in those situations where these same defects are not able to signal the checkpoint machinery (the so-called gatekeepers), or the defects impinge directly on those gatekeepers, uncontrolled proliferation and chronic accumulation of further DNA damage will eventually result in the appearance of tumorigenic cells ( Figure 5) . Clearly, the relationship between the DDR and IIS is complex and reciprocal. Overall, in the short term, increased IIS improves survival in the face of DNA damage. However, chronic reduction of IIS promotes resistance to a variety of stresses, including DNA damage, via FOXO and potentially other factors. Conversely, IIS can be activated as part of the DDR, perhaps to promote cell survival acutely. Chronically, DNA damage may lead to downregulation of IIS in an attempt to lower ROS levels and forestall further DNA damage (74) . Alternatively, metabolic defects could conceivably lead to higher ROS production, thus increasing DNA damage. Sirtuins can potentially modulate both the DDR and IIS and thus are likely to interact with these responses in complex ways. In this regard, SIRT6 might play a direct role in reducing IIS in response to genotoxic stress, thereby decreasing ROS levels and retarding accumulation of DNA damage ( Figure  3) . In this way, SIRT6 could function as a metabolic "rheostat", contributing to critical cell-fate decisions. Overall, elucidation of the mechanistic interplay between these longevity assurance pathways will no doubt yield important new insights into our understanding of aging and cancer, that may in the long term result in new therapeutic approaches to treat and prevent age-related ailments and the development of malignancies.
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